Polymer gels whose NMR and optical properties change when irradiated offer unique advantages for measuring radiation dose distributions. To date, all acrylic polymer gel dosimeters must be manufactured, stored and irradiated in hypoxic conditions which severely limits their use and stability. A new formulation of acrylic dosimeter gel has been developed that responds well in normal atmosphere and which we have named MAGIC (Methacrylic and Ascorbic acid in Gelatin Initiated by Copper). To produce dosimeter gels, an aqueous solution of gelatin, open to the atmosphere, is mixed with methacrylic acid, copper(II) ions, ascorbic acid and hydroquinone. It is believed that the copper(II) and ascorbic acid form a complex with oxygen which (with radiolysis of water) serves as a free radical source for the initiation of the polymerization of methacrylic acid. At room air the water proton spin relaxation rate R 2 in MAGIC gels is proportional to absorbed dose though the precise relationship depends on the composition of the gel and the initiating complex. For example, in the range 0-30 Gy the slope of the response of R 2 versus dose at 20 MHz was 0.300, 0.519 and 0.681 s −1 Gy −1
Gy
−1 at 85 MHz. An important determinant of the sensitivity to detect small dose changes is shown to be the slope-to-intercept ratio of the dose-response curve. These varied from 0.08 to 0.17, comparable to hypoxic gels described earlier. MAGIC gels can be manufactured and used much more easily than the previous formulations and can be imaged by magnetic resonance imaging or optical scanning, and thus they will likely be of considerable interest to radiation physicists.
Introduction
There is a widespread and continuing interest in the use of magnetic resonance imaging (MRI) for measuring radiation dose distribution in three dimensions. Since the first reported use of MRI for detecting changes in irradiated Fricke dosimeter solutions and gels (Gore et al 1984) numerous investigators have used MRI to map integrated dose distributions in tissue equivalent aqueous gels (Maryanski et al 1993 , Ibbott et al 1997 , De Deene et al 1998 , Cosgrove et al 2000 . The use of MRI offers several unique capabilities for measuring, with high spatial resolution and accuracy, the complex dose patterns produced in modern radiotherapy practice, including those from a variety of conformal treatments, brachytherapy and stereotactic radiosurgery. The potential advantages of MRI gel dosimetry were recognized several years ago (Day 1990 ), but early experience with the Fricke reaction identified some important limitations such as blurring of dose distributions from diffusion of the product of irradiation . To solve this and other problems, alternatives to the Fricke effect have been investigated. observed changes in proton NMR relaxation that occurred in gels containing acrylic monomers subjected to irradiation. This and related reactions were later developed to form the basis of polymer gels for MRI-based dosimetry (Maryanski et al 1993) . To date, polymer gels have used one or more acrylic monomers in solution with (usually) gelatin. Although such gels have shown unique advantages compared to more routine methods of threedimensional radiation dose mapping (such as diode detectors immersed in water, arrays of thermoluminescent dosimeters or photographic film), they have a significant drawback in requiring hypoxic conditions during their manufacture, storage and use. These acrylic gels respond to radiation through a free radical initiated polymerization that is rapidly quenched by oxygen. The loss in sensitivity most likely occurs because oxygen scavenges free radical initiators (such as OH · and H · ) that are produced during water radiolysis (Hepworth et al 1999) . To avoid oxygen quenching, current gels are carefully prepared in a hypoxic environment requiring a glove box with a continuous inert gaseous purge. Equal care must be taken when housing the gels since even minute oxygen contamination can alter the gels responsivity, linearity and reproducibility. Thus, the gels are typically contained within glass vessels which have lower permeability to gas but are also less tissue equivalent and less readily formed than plastic containers.
For these reasons an acrylic gel dosimeter that responds adequately in normal atmospheres would likely be of great utility. We therefore have investigated mixtures that respond to radiation in the presence of oxygen. In this we have been guided by earlier studies on the oxygen catalyzed polymerization of the acrylic monomer methyl methacrylate in solution (Reddy et al 1982,Taqui Khan and Martell 1967) . In one reaction a bivalent metal may complex with ascorbic acid and molecular oxygen and allows an electron to transfer through the complex to an external species, thus generating free radicals which may initiate polymerization. This system has not previously been used with ionizing radiation and requires the presence of oxygen to be effective. Therefore, we have investigated whether the same principle could be used as the basis for a dosimeter and report here our first experience in developing a formulation of gels that operate well in the presence of normal atmosphere. These gels offer several practical advantages over the previous formulations.
Methods

Gel preparation
Various mixtures of gel components have been investigated and each has a different dose response. In this first report, we focus on three such formulations each of which contained 8% gelatin by weight (300 bloom, Aldrich; Milwaukee, WI), ascorbic acid (2 × 10 −3 M, Mallinkrodt; Paris, KY), CuSO 4 ·5H 2 O (8 × 10 −5 M, Aldrich; Milwaukee WI) and hydroquinone (1.8 × 10 −2 M, Sigma; St Louis, MO). The three gels also contained 3, 6 or 9% methacrylic acid by weight (Sigma; St Louis, MO) and HPLC grade distilled water. These gels are hereafter termed as MAGIC (Methacrylic and Ascorbic acid in Gelatin Initiated by Copper) gels. Table 1 lists the amounts of the added components. We chose to use methacrylic acid over other possible choices because we have previously found gels based on MAA to be more sensitive . The normoxic nature of MAGIC gels makes their preparation far simpler than previously described hypoxic dosimeter gels since no glove box or oxygen purging is necessary. For a one litre batch of 9% MAGIC gel the process begins by placing 700 ml of water and a magnetic stir-bar in a glass flask and next adding 80 g of gelatin. After the gelatin has swelled from soaking, the flask is heated to ∼50
• C to ensure that the gelatin is completely dissolved. At this point 2.0 g of hydroquinone in 48 ml of HPLC grade distilled water is added and the solution is allowed to cool. When the solution has cooled to ∼37
• C, the appropriate amounts of ascorbic acid (0.352 g in 50 ml of water), CuSO 4 ·5H 2 O (0.02 g in 30 ml of water) and 90 g of methacrylic acid are added to the flask. The solution is allowed to stir until the mixture is homogeneously dissolved. The 3 and 6% MAGIC gels were made in the same fashion, compensating the difference in MAA weight by adding the appropriate amount of water initially. For the studies reported here, samples of the gels made in this way were decanted into capped NMR test tubes. In addition, volumes of gel were poured into transparent NALGENE TM styrene-acrylonitrile boxes with low-density polyethylene lids for irradiation. Hydroquinone is a free radical scavenger, and 250 ppm of it are added by the manufacturer to stock MAA solutions to keep the monomer from auto-polymerization on the shelf. We added additional hydroquinone to absorb any free radicals introduced from the gelatin and/or other components that could initiate polymerization before irradiation.
A conventional microwave oven can also be used in the gel preparation thus drastically shortening the preparation time to less than 5 min. Further development of this procedure and its effect on reproducibility is ongoing.
Tissue equivalency
The tissue equivalence of the gel was determined by measuring the physical density of the gel at room temperature. The density was 1060 kg m −3 with relevant atomic numbers shown in table 2 (White 1978) . As shown in this table, the elemental composition for carbon, hydrogen, nitrogen and oxygen in MAGIC is very close to the elemental composition for muscle tissue. The electron density and mean atomic number are closer to those for muscle than for water. 
Relaxation measurements
The transverse NMR relaxation times T 2 for each sample were measured at both 20 and 85 MHz after the sample temperature had equilibrated to room temperature. Measurements at 20 MHz were obtained using a CPMG sequence with 10 echoes, fit to a single exponential. T 2 measurements at 85 MHz were acquired through imaging of transaxial sections through the tubes using a 31 cm bore 2 Tesla Bruker Advance spectrometer. A 120 mm diameter birdcage coil was used for RF transmission and signal reception. T 2 measurements were made using single slice (10 mm) axial images acquired using a RATE pulse sequence (Does and Gore 2000) , which combines a train of RF refocusing pulses with segmented echo planar acquisition for rapid T 2 imaging measurements. During each of the 32 spin-echo image acquisition periods, 8 independently phase-encoded gradient echoes were collected. An 80 mm field-of-view (FOV) was encoded with 128 samples in the read direction and 128 lines in the phase direction. Data sampling continued through read gradient ramping, which reduced the effective sampling to 111 × 128 points. These data were then zero-padded and Fourier transformed onto a 128 × 128 image matrix. RF refocusing was achieved using composite pulses designed to be relatively insensitive to both B 0 and B 1 field variations (Poon and Henkelman 1992) , and unwanted transverse components were greatly reduced using an alternating and decreasing pattern of spoiler gradients (Crawley and Henkelman 1987) with a minimum dephasing strength of 2π per pixel and a simple add/subtract two-step phase cycle. The echo time (TE) was 25 ms and 3 s TR was used, resulting in an acquisition time of approximately 1.5 min. The data were fit in a least squares fashion to a single exponential.
Irradiation
Gels in glass tubes were irradiated using a 6000 Ci (JL Shepherd and Associates) 137 Cs gamma ray irradiator, model mark 1-68 A at 662 keV. The samples were irradiated after the sample temperature had equilibrated to room temperature using an average dose rate of 1.83 Gy min −1 . Doses were calibrated using a radical ion chamber and Fricke dosimetry.
Results
Measurements of NMR signal versus echo time, from samples at 20 MHz as well as from images at 85 MHz, were all well fitted to a single exponential decay. Figures 1 and 2 show the change in gel relaxation rate R 2 (=1/T 2 ) as a function of absorbed dose at 20 and 85 MHz, respectively. The gels containing higher concentrations of MAA show a linear increase in R 2 over the range of 0-30 Gy (r 2 > 0.99), whereas the 3% gels show some evidence of saturation. at 3, 6 and 9% MAA loading, respectively. The slope-to-intercept ratios at 85 MHz are 0.103, 0.139 and 0.167, comparable to current polymer dosimeters available; BANG-2 has a slope-to-intercept ratio of 0.193 . The slope-to-intercept ratio is one important determinant of gel sensitivity for some purposes as explained in section 4. The dose-response curves illustrate the effect of altering methacrylic acid concentration on the background and response of the gels. In comparing the backgrounds of the 3, 6 and 9% gels, an increasing pre-irradiation background rate is observed with increasing monomer concentration. Figure 3 shows a spin-echo image of a rectangular 6% MAGIC plastic phantom irradiated from two sides by a square x-ray beam. The centre region of the 'cross' shows greater T 2 contrast due to larger dose from the overlapped beams. The image clearly shows how the beams attenuate as they pass through the tissue equivalent medium.
Discussion
Role of oxygen-ascorbic acid-copper(II) complex
The response of polymer gel dosimeters relies on free radicals (generated mainly from the radiolysis of water) initiating polymerization in acrylic monomers. When radiation interacts with water several reactions may occur which can cause the formation of free radicals, ions and other molecular species. These free radicals may then affect chain polymerization by forming radicalized free monomers (initiation), followed by the propagation of oligomer and polymer radicals (polymerization) and termination. In existing polymer gels this process is inhibited by O 2 . In contrast, the ascorbic acid-metal complex utilizes O 2 to generate free radicals which in turn initiate polymerization (Reddy et al 1982, Taqui Khan and Martell 1967) .
The gels are stable in the absence of radiation. Without radiation-generated free radicals the samples do not react significantly via the copper(II) complex alone, though some slight fogging occurs within two hours in unirradiated gels. Using R 2 as a measure of polymerization the amount of pre-irradiation fogging can be quantified. The unresponsive unfogged copperfree 6% MAA gels had an R 2 of 2.06 s −1 at 20 MHz before irradiation, which increased to 6.33 s −1 (SD = 0.29 s
, n = 5) with copper, also before irradiation. The lack of fogging and response in the absence of copper supports our view that the two reactions are synergistic. In earlier studies Reddy et al passed O 2 through an acrylic solution at a rate of 50 cm 3 min −1 for various durations to measure monomer conversion as a function of oxygen flow time. When extrapolated to a flow time of zero the percent monomer conversion was zero (Reddy et al 1981) . The precise effects of varying oxygen levels are not fully understood yet and clearly bear further study.
Choice of dose-response
In the region investigated, the dose-response curves are well approximated by a linear fit, so the transverse relaxation rate R 2 is R 2 (D) = R 0 + αD where R 0 is the 'background' relaxation rate of the unirradiated gel and α determines the change in rate per unit dose (D). The signal intensity in a spin-echo MR image would then be
where M 0 is proportional to the equilibrium magnetization and TE is the echo time. In order to discriminate two regions of different doses, we need to be able to detect changes in I. A small change in dose D causes a change in image signal I :
This signal change must be detected in the presence of random noise within the image which may be characterized by a spatial variance σ 2 so that the dose-induced contrast-to-noise ratio is I σ . For a spin echo this quantity has a maximum value at an echo time TE = 1 R 2 . At this optimal echo time a small increment in dose induces a small decrease in signal intensity:
Thus the change in image brightness per unit dose increment depends on the ratio α R 2 . Increasing α, the slope of the dose-response function, is not a sufficient condition to ensure optimal detection of small dose changes in the presence of noise.
For gels of current interest R 0 is usually not small compared to αD. At low doses,R 0 αD so that
. Thus, an appropriate design is shown to maximize the slope-to-intercept ratio of the dose-response rather than simply the gradient.
The amount of methacrylic acid in the formulation has competing effects on the efficiency of the gel; increasing the amount of MAA in the formulation increases the responsivity or slope of the dose-response curve but at the same time increases the background or intercept of the response curve. The increased background is most likely due to initial polymerization caused by residual free radicals and proximity of the acrylic monomers. In the 3% gels less polymerization occurs because the acrylic monomers have, on average, longer to diffuse to propagate the reaction with neighbouring monomers than the higher monomer concentrated gels like the 6 and 9% MAGIC gels. Likewise the response increases since a greater concentration of monomers is available for initiation upon radiolysis. In this way the sensitivity of MAGIC gels can also be adjusted by altering the amount of methacrylic acid added. Different responses can be important to therapists when planning different treatment protocols. In addition, substitution of MAA by acrylic acid or other monomer alters the response. We have previously used MAA to improve the sensitivity of polymer gels .
At 85 MHz the dose-response with 3% MAA appears to saturate. This likely reflects depletion of the monomers with decreased MAA loading. However, MAGIC gels exhibit a dynamic range up to three times that of earlier polymer gels.
Toxicity
The toxicity of earlier gels composed of the noxious monomers, acrylamide and bisacrylamide, has always been a source of concern. BANG TM and similar gels must be manufactured, used and disposed with great care. Methacrylic acid and hydroquinone are less toxic than acrylamide, which is thus another benefit of MAGIC gels. The oral LD(50) in rats are 2260, 320 and 124 mg kg −1 for methacrylic acid, hydroquinone and acrylamide, respectively (NIOSH 1991 , Woodward et al 1949 , Paulte and Vidal 1975 .
Conclusion
Normoxic MAGIC gels show considerable promise as radiation dosimeters. They offer the possibility of making gels within tissue-equivalent anthropomorphic irradiation vessels of arbitrary shape. The dose-response can be varied by altering the precise composition of the gels. The sensitivity is clearly adequate for accurate dosimetry using conventional MRI and the dynamic range can be much greater than the previous gels. They are much more convenient to make, store and use. The effects of irradiation can be observed optically since the irradiated polymer absorbs and scatters light, so these gels should be compatible with methods of measuring dose distributions in the gel using MRI or optical tomography .
The precise level of oxygen in the gel may alter the response and the influences of other variables such as dose rate, radiation quality and composition are still being investigated. Edge effects, possibly caused by depletion of monomers and variations in oxygen tension, and similar to those reported for earlier gels (Maryanski et al 1994) can sometimes be noticed and require further investigation. Nonetheless, these preliminary results suggest that polymer gels that respond well at normal atmosphere can be developed, which should greatly enhance their practical value for radiation dosimetry.
